Generally, the addition of fibers led to more dense products. Comparatively, the usage of apple fiber in mixtures for the production of snacks led to a product with higher porosity than those with oat fiber.
INTRODUCTION
Dietary fiber is the indigestible component of foods that includes cellulose, hemicellulose, lignins, pectins, gums, and mucilages. [1, 2] Its beneficial effects on human health have received much attention. Increased fiber consumption has been found to be important for lowering the risk of being overweight and associated with reduced body mass index, blood pressure and glucose concentration. [3, 4] Lack of adequate dietary fiber in the diet is associated with constipation, diverticulosis, cardiovascular disease, and cancer. [5, 6] For instance, when the British Health Education Council (1983) recommended multiple changes in the national diet, a 50% increase in dietary fiber was proposed, the largest single-component change in the present diet. [5] Although dietary fiber-rich materials have gained popularity as food ingredients for health benefits, relatively little is yet known about the effects of thermal food processing (drum drying, jet cooking, or extrusion cooking) on functional and physical properties of fiber foods. [7, 8] Extrusion cooking is a heat process in which the material is subjected to intense mechanical shear; moistened starchy or proteinaceous foods are worked into a viscous, plastic-like dough and cooked before being forced through the die. The intense structural disruption and mixing facilitates reactions otherwise limited by diffusion of reactants and products. [9] Some advantages and disadvantages of cooking during the extrusion process are the gelatinization of starch, denaturation of proteins, inactivation of native enzymes, which causes food deterioration during storage, inactivation of antinutrient factors, [10] [11] [12] and reduction of microbial counts in the final product. [13] The physical properties and sensory attributes of an extruded product are influenced by extrusion variables such as extruder type, screw configuration, feed moisture, temperature profile in the barrel sections, screw speed, and feed rate. Intensive research projects have been focused on these variables to optimize extrusion process and product quality properties. [14] [15] [16] [17] [18] [19] [20] [21] [22] Texture is one of the most important factors in the quality properties of extruded snack products. The degree of expansion determines the extrudate structure and consequently its texture. [15, 23, 24] Extrudate expansion has been reported to depend mostly on material moisture content and extrusion temperature. [25] [26] [27] During extrusion cooking of biopolymers, the viscoelastic material is forced through a die so that a sudden pressure drop causes part of the water to vaporize, giving an expanded porous structure. [26, 28] Extrudate structure is stabilized as the matrix transform to a glassy state on cooling and drying. [29] In addition, the presence and content of dietary fiber, also plays an important role on structural properties of fiber extruded products. Incorporating high levels of fiber in extruded products has often resulted in a compact, tough, non-crisp, and undesirable texture in extrudates, as a result of reduced expansion. [30] The purity, as well as the protein and lipid level, of fibers influences expansion properties of extrudate products. [31] Various fiber sources such as soy hull, oat bran, fruits and rice bran are used to boost the fiber content mostly in baked products. [3] The addition of those fiber sources to extrudate products will affect their texture. The objective of this study is to investigate the effect of process conditions (temperature, feed rate) and material characteristics (moisture content, corn to fiber ratio) on porosity and expansion ratio of two corn-fiber mixtures (including oat and apple fibers). A simple empirical mathematical model was developed, to predict porosity as a function of process conditions and material characteristics.
MATHEMATICAL MODELING
A simple mathematical model has been proposed in the literature to predict structural properties of materials during drying as function of moisture content. [32] Extruded products are assumed to have very low levels of moisture content after extrusion process, even if initial materials have various moisture contents, so their structural properties, namely, true density, apparent density, and porosity, are similar to the structural properties of dried materials at zero moisture content. [33] True density of the samples was determined using the equation:
where m is the mass of the samples (g) and V t is the true volume (cm 3 ). The true volume was measured using a Quantacrome stereopycnometer (model SPV-3, Boynton Beach, FL, USA) with the accuracy of 0.001 cm 3 . The apparent density was determined by measuring the actual dimensions of the extrudates, as suggested by Launay and Lisch. [34] The diameter of extrudates was measured with a Vernier caliper. The apparent density of extrudates was determined using the equation:
where m is the mass of the samples (g), d is the diameter (cm), and L is the length of extrudate (cm). Three replicates of extrudate were selected and an average was taken. The porosity of the extrudates was determined from the true and apparent density, using the equation:
where ρ a is the apparent density and ρ t is the true density of extrudates. In order to examine the influences of process conditions and material characteristics on the porosity, a simple power model is used:
where ε is the porosity of extrudates, T is the extrusion temperature ( • C), F is the feed rate (gr/s), X is the feed moisture content (kg/100 kg wb), and C is the materials ratio (kg fiber/kg corn). T r , F r , X r , and C r are the respective values in reference conditions. The exponents n T and n F express the effect of process variables (temperature and feed rate) while, exponents n x and n c express the effect of material characteristics (moisture content and corn to fiber ratio) on total porosity value. The ε 0 is a parameter with values ranging from 0 to 1, which represents porosity in reference conditions. The values of the model parameters for the calculation of porosity as a function of extrusion conditions and initial raw materials characteristics are determined by fitting the proposed model to the experimental data. The method used is described by Lazou et al. [33] Following regression analysis procedure, all five parameters can be determined simultaneously. However, all of these parameters do not affect the sum of squares of the residuals to the same degree. In order to distinguish between the ones that are necessary to accurately predict the porosity, the following procedure was adopted. Firstly the minimum change in sum of squares (SST) was estimated for all five parameters and mean deviation (S R ) was evaluated. Secondly, omitting one parameter at a time, the values of S R was evaluated for all combinations of the five remaining parameters. In this way, the parameter chosen to be eliminated was the one whose elimination produced the minimum S R . Continuing the former procedure, the minimum values of S R were evaluated for 4, 3, 2, and 1 parameters, respectively. In Fig. 1 , a typical figure is shown depicting S R and S E as a function of the number of parameters. The group of parameters, which gives a lack of fit (S R ) close to mean experimental error (S E ), is the one that involves the required number of parameters for predicting porosity. 
MATERIALS AND METHODS

Sample Preparation
Yellow corn flour was mixed with fiber flour (oat and apple fiber). Apple and oat fiber were purchased from J. Rettenmaier & Sohne GmbH, CokG Germany. Material characteristics are shown in Table 1 . Distilled water was added to adjust moisture content. All the ingredients of each preparation were mixed in a mixer for 15 min, to increase homogenization. After mixing, the samples were packed under vacuum and stored. The chemical composition of materials used is shown in Table 2 .
Extrusion Cooking
A prism Eurolab conical, counter-rotating twin screw extruder, model KX-16HC (Prism Eurolab, Staffordshire, UK), was used. The general screw geometry was as follows: ENRICHED CORN-BASED EXTRUDATES 671 length: 40 cm; diameter: 16 mm; maximum rotation speed: 8.33 Hz (500 rpm); and die diameter: 3 mm. The material was fed into the extruder with a volumetric feeder. The extruder had five temperature control zones. The pressure at the die during extrusion was measured with a pressure transducer. All extrusion conditions were displayed on the control panel (barrel and screw die temperature, screw speed). The temperature during extrusion was adjusted by varying the temperature in the barrel, screw, and die. The extrusion conditions are shown in Table 2 . Steady state conditions were reached after 20 min, and then samples were collected, left on a table to dry for 6 h and stored in glass jars under vacuum and ambient temperature for further structural properties measurements.
RESULTS AND DISCUSSION
The application of regression analysis for each type of sample showed that the optimum number of parameters that affect porosity are four (extrusion temperature, feed rate, initial moisture content, and fiber to corn ratio), while the equation constants are five ( Fig. 1 ). These parameters were ε 0 , n T , n F , n X , and n C . A comparison between predicted porosity and experimental data is shown in Figs. 2 and 3. Experimental measurements are summarized in Table 3 , while in Table 4 the corresponding parameter estimates for all materials are shown. The reference values of the parameters are T r = 200 • C, F r = 1.15 gr/s, X r = 15% wet basis, and C r = 20% wet basis. These values were selected after the completion of initial experiments with the examined materials in order to achieve significant expansion of the final product and at the same time the required torque not to exceed the extruder specification. Also the combination of feed rate and extrusion temperature used aimed to avoid the burning of the product during extrusion.
In Figs. 1 and 2, porosity of extrudates is represented as a function of feed rate, feed moisture content, extrusion temperature, and corn to fiber ratio. Solid lines are used for predicted values of porosity using the mathematical model and the parameters of Table 4 . As can be seen, in all extrudates, porosity was decreased with temperature. Hasimoto and Grossmann [35] and Miranda et al. [36] observed a similar effect on porosity and expansion ratio at similar operation conditions. Park [37] proposed that puffing phenomena of extrudates result from the vaporization of superheated water as the extrudate exits the die. The simultaneous flash off of vapor expands the starch material, resulting in a porous, strong like structure within the extrudate. The degree of expansion is closely related to the size, number and distribution of air cells surrounding by the cooked material. [30, 35] However, at high temperature (higher than 150 • C), the vaporization occurs in a violent way and may cause breakage of the structure, hampering expansion and decreasing total porosity. [38, 39] Increased feed rate led to a slight increase of extrudate porosity at all type of cornfiber blends. Increased feed rate would influence the degree of fill, inducing the degradation of amylopectin networks, and change the melt rheological characteristics thus leading to greater elastic effect and changes in product porosity. [10, 23, [40] [41] [42] Feed moisture content also influence total porosity of extrudates; as it was raised porosity decreased. This is an expected result and several studies in the past reported similar results. [17, 23, 39, [42] [43] [44] Moisture content during extrusion plays a critical role due to its multiple roles of plasticizer, gelatinization aid and blowing agent. Higher moisture in the barrel results in reduced viscosity and thus less mechanical energy into the melt and correspondingly lower temperatures.
Higher water values enable material to undergo a glass transition temperature during the extrusion process. This facilitates the deformation of the matrix resulting in collapse phenomenon. [45] It was observed that increasing the amount of fiber, porosity decreased. It is generally known, that the addition of oat or apple fibers leads to products which are usually compact, tough, not crisp due to their fat and fiber content. [30, 46] The comparison of the porosity of the extruded products for two types of fibers at the same experimental conditions is shown in Fig. 4 . It is clear that the extrudates containing oat fibers had lower values of porosity than the extrudates containing apple fibers. This might be due to their different lipid and fiber content (Table 1) . Another crucial property of the extruded products is the expansion ratio. The values of expansion ratio for each type of extrudate are shown in Fig. 5 . It is obvious that expansion ratio of both the examined fibers has the same trend with porosity values. 
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CONCLUSIONS
Porosity of expanded corn-fiber snacks, produced on a twin screw extruder, was dependent on several process conditions. Extrusion temperature and feed rate as well as material characteristics (feed moisture content, corn to fiber ratio) had some significant effect on extrudate porosity and expansion ratio. Porosity of extrudates was found to decrease with increasing temperature, feed moisture content and ratio of fibers and to increase with feed rate. The addition of fibers produces more dense products. Comparatively, the usage of apple fiber in mixtures for the production of snacks leads to product with greater porosity than the usage of oat fiber. 
